Editor: John L. Bowman Premise of research. The lace plant is an excellent and unique model for studying developmentally regulated programmed cell death (PCD) in plants. Perforations form in highly predictable and easily accessible and distinguishable areas in lace plant leaves. However, little is known about the genes involved in regulation of this PCD or leaf development. In this study, for the first time, a general gene expression profile for lace plant leaf development was investigated.
Introduction

Programmed Cell Death
Programmed cell death (PCD) is essential for the response to stress and for adaptation, survival, and development in eukaryotes. PCD is genetically regulated and common in all forms of multicellular organisms (Lam 2004; Gadjev et al. 2008) . PCD is involved throughout plant life-from death of the embryonic suspensor to death of the entire plant (Thomas and Franklin-Tong 2004; Gadjev et al. 2008) . Plant PCD can be divided into two broad categories: environmentally induced and developmentally regulated (Gunawardena et al. 2004; Gunawardena 2008; reviewed in Rantong and Gunawardena 2015) . Environmentally induced PCD is employed in response to salt stress, drought (Hameed et al. 2013) , pathogens (Coll et al. 2014) , ultraviolet light (Nawkar et al. 2013) , heat (Lord and Gunawardena 2011) , and other external environmental cues. Developmentally regulated PCD is caused by intrinsic developmental cues and is involved in processes such as self-incompatibility in pollen (Thomas and Franklin-Tong 2004) , embryonic suspensor deletion (Giuliani et al. 2002; Rogers 2005) , aerenchyma formation (Gunawardena et al. 2001; Evans 2003) , root cap shedding (Fendrych et al. 2014) , leaf senescence (Lee and Chen 2002) , and leaf remodeling in the lace plant (Gunawardena et al. 2004) and Monstera (Gunawardena et al. 2005 ).
The Lace Plant
The lace plant ( fig. 1A ) is an aquatic monocot endemic to Madagascar. It is a member of the family Aponogetonaceae. It is unique because it is one of the few known plant species that employ PCD to form perforations during normal leaf development. The only other known plants that utilize PCD for perforation formation are the Monstera species in the family Araceae (Gunawardena et al. 2005) . In both of these plant species, perforations form through developmentally regulated PCD . However, unlike in Monstera, perforation formation in the lace plant is highly predictable. The perforations form in highly predictable areas, between longitudinal and transverse veins ( fig. 1B-1E ). Perforation sites are easily visible, and perforations form during a specific stage of leaf development (window stage; fig. 1B, 1D ). Lace plant leaves are also almost transparent, a favorable characteristic for microscopy. Plants can be easily propagated through sterile cultures in Magenta boxes ( fig. 1A ) to provide microbe-free experimental tissue. These characteristics make the lace plant a good model for studying developmentally regulated PCD in plants (Dauphinee and Gunawardena 2015) .
The process of perforation formation and the morphological aspects of PCD in the lace plant have been well studied (Gunawardena et al. 2004 (Gunawardena et al. , 2007 Gunawardena 2008; Wright et al. 2009 ; Elliott and Gunawardena 2010; Wertman et al. 2012; Lord et al. 2013; Dauphinee et al. 2014) . Gunawardena et al. (2004) divided and characterized the formation of perforations in lace plant leaves into five stages based on morphological characteristics. The preperforation stage (stage 1) occurs immediately following leaf emergence from the corm as it begins to unfurl. At this stage, the vascular tissue is well developed, displaying a grid-like pattern over the surface of the leaf; no signs of PCD are present at this point ( fig. 1C ). The window stage (stage 2) begins when leaves display the loss of pigments, such as chlorophyll and anthocyanin, in distinct areas (perforation sites) between transverse and longitudinal veins. These areas become almost transparent in Fig. 1 Propagation of the lace plant and leaf development. A, Whole lace plant. The lace plants used in experiments in this study were grown in Magenta boxes under sterile conditions. The leaves emerge from a corm, and perforations form through developmentally regulated programmed cell death (PCD) to result in lace-like mature leaves. B, Three lace plant leaf developmental stages with different stages of perforation formation. In the preperforation stage (1), leaves have just emerged from the corm, and there are no obvious signs of perforation formation or PCD. Windowstage leaves (2) are pink due to anthocyanin, and PCD is occurring at the perforation site. In mature-stage leaves (3), perforations are complete, and there is no PCD occurring. C, An areole in a preperforation-stage leaf; all the cells look pink, and there is no sign of PCD or perforation formation. D, Within an areole in a window-stage leaf, cells at the center of the areole (PCD) lose their pigmentation and undergo PCD. The rest of the cells (NPCD), about four or five cell layers away from the vascular tissue, remain intact and alive. E, In mature-stage leaf areoles, PCD has stopped four or five cell layers away from vasculature, and all the cells are green. Scale bars: A p 1.25 cm, B p 1 cm, C p 150 mm, D p 360 mm, E p 500 mm.
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comparison to the cells not undergoing PCD (four or five cell layers from the vascular tissue), which remain intact and retain their pigments. In the perforation-formation stage (stage 3), cells at the center of the perforation site begin to separate from adjacent cells, and a small hole forms through the leaf blade. During perforation expansion (stage 4), the perforations become larger as the leaf expands, and more cells die at the perforation site. In a mature leaf (stage 5), perforations are fully developed, and cells at the perforation border have transdifferentiated to become epidermal cells (Gunawardena et al. 2004) . For this research, three stages of lace plant leaf development were used. Stage 1 was the preperforation stage, in which leaves did not display any obvious signs of PCD ( fig. 1B, 1E ). Stage 2 was the window stage, where PCD is actively taking place at the perforation site ( fig. 1B, 1D ). Stage 3 was the mature stage, where perforations were complete and no PCD was taking place ( fig. 1B, 1E ).
Morphological cellular changes that occur in cells undergoing PCD in the lace plant have been well documented. These changes occur in a time period of about 48 h and include a decrease in the size of chloroplasts and starch grains, fluctuations in the number of transvacuolar strands, aggregation of chloroplasts around the nucleus, formation of conglomerates of organelles within the vacuole, swelling of the vacuole, a decrease in the size of the nucleus, changes in the actin filaments' architecture, loss of mitochondrial membrane potential, cessation of mitochondrial streaming, tonoplast rupture, and collapse of the plasma membrane (Wright et al. 2009; Wertman et al. 2012; Lord et al. 2013 ). All of the above-mentioned cellular changes take place in the cells undergoing PCD (PCD cells; fig. 1D ) during perforation formation. Cells four or five layers from vascular tissue, which do not undergo PCD at this stage of leaf development (NPCD cells; fig. 1D ), retain normal morphological cellular characteristics.
Even though the cellular changes that occur during PCD in lace plant leaf development are well studied, little is known about the genes involved in regulation of PCD during perforation formation . The genomic sequence of the lace plant is also unknown; therefore, cDNA-amplified fragment length polymorphism (cDNA-AFLP) and expressed sequence tag (EST) database approaches were employed in this study. The cDNA-AFLP approach was used to provide a gene expression profile and elucidate genes that show differential expression during different stages of leaf development. It is a useful tool for future molecular studies, which will be focused more on studying genes involved in lace plant PCD. In addition, an EST database was created for window-stage leaves, during which PCD is occurring, to identify some of the genes expressed during this leaf developmental stage. The transcript expression pattern of ubiquitin throughout lace plant leaf development was also studied through a quantitative polymerase chain reaction (qPCR) to provide insights into the involvement of the proteasome-ubiquitin protein degradation pathway in lace plant PCD and leaf development.
Material and Methods
Plant Propagation
The lace plants were grown as described by Gunawardena et al. (2006) 
RNA Extraction
Approximately 200 mg of leaf tissue was used for each RNA extraction. The midrib was removed from the leaf tissue. RNA extraction was carried out according to the TRI reagent (SigmaAldrich, Oakville, Ontario) method, with some modifications. The modifications included elimination of air-drying the RNA pellet, using double the recommended volume of the TRI reagent, and maintaining the samples at a low temperature throughout RNA extraction.
cDNA-AFLP Technique
A cDNA-AFLP was carried out and processed essentially as described by Vuylsteke et al. (2007) . First, 64 AFLP primer combinations with three selective nucleotides (BT1, BT2, BT3, and BT4, each in combination with Mse11, Mse12, Mse13, Mse14, Mse21, Mse22, Mse23, Mse24, Mse31, Mse32, Mse33, Mse34, Mse41, Mse42, Mse43, and Mse44) were used for selective amplification. The obtained fragments were separated on polyacrylamide gels. Gels were dried on blotting paper to enable the isolation of fragments from gels. For each primer combination, 50-100 transcript fragments were detectable, varying in length from 100 to 1000 bp. AFLP-QuantarPRO software (Keygene, Wageningen, Netherlands) was used to quantify band intensities in different lanes; oblique lanes were corrected, and unique transcript fragments were quantified, resulting in individual intensities for each time point per transcript fragment. Data were further corrected by doing a total lane correction. The residuals from these data normalizations were subjected to a one-factor ANOVA using the TIGR MultiExperiment Viewer of the TM4 software suite (Saeed et al. 2003) . Genes with P values of !0.001 were retained for further analysis. The expression values of selected fragments were median centered across each gene and again log2 transformed. The resulting data sets were subjected to hierarchical average linkage clustering (with a Euclidian distance metric) with the MultiExperiment Viewer of TM4 (Saeed et al. 2003) . For each identified subcluster, the median-centered expression value for each replica was graphically presented (log2 values). After data analysis, differentially expressed fragments were cut from gel and placed in T 10 E 0.1 buffer for elution. These fragments were PCR amplified and directly sequenced.
Construction of cDNA Library and EST Sequencing
Window-stage leaves were used for the cDNA library, and total RNA from these leaves was extracted as described above. Spectrophotometry (ratio A260/280) and gel electrophoresis were used to verify the quality of the RNA. First-strand cDNA synthesis was carried out using the M- . Doublestranded cDNA was synthesized using DNA polymerase 1 (10 U/mL; Fermentas, Burlington, Ontario), dNTP mix and random hexamers (NNNNNN; Integrated DNA Technology), T4 DNA polymerase (5000 U/mL; Fermentas), and 0.5 M EDTA (pH 8; Fermentas). The blunt-ended, double-stranded DNA was then purified by phenol/chloroform extraction. The dsDNA was ligated into pUC19 DNA/SmaI Digested and Dephosphorylated (Fermentas) using T4 DNA Ligase (5 U/mL; Fermentas). Once transformed into Escherichia coli DH5 a (Invitrogen) competent cells, clones were manually picked, and plasmids were extracted using the GenElute plasmid miniprep kit (Sigma-Aldrich). The plasmids with inserts were sent to Macrogen (Rockville, MD) for sequencing. Sequences were edited using the BioEdit Sequence Alignment Editor (Carlsbad, Ottawa, Ontario) to trim low-quality and vector portions. Sequence annotation was performed by comparing insert sequences with nonredundant protein (blastx) and nucleotide (blastn) sequence databases at the National Center for Biotechnology Information (NCBI).
qPCR
For transcript level analysis, in addition to the three stages of leaf development described above, the senescence stage was also used. The Protoscript M-MuLV First Strand cDNA Synthesis Kit (New England Biolabs) was used for cDNA synthesis, according to manufacturer's instructions. The QuantiTect SYBR Green PCR Kit (Qiagen, Mississauga, Ontario) was used for qPCR in 20-mL reactions using a Rotor-Gene 2000 (Qiagen) and following the manufacturer's instructions. Ubiquitin primers used in qPCR were . The PCR product was verified through ligation into a pGEM-T vector, cloned, and sequenced. qPCR conditions used were initial denaturing at 957C for 15 min, 40 cycles of denaturing at 947C for 20 s, primer annealing at 607C for 20 s, and elongation at 727C for 30 s. The melting curve was observed to determine purity of the PCR product. mRNA absolute copy numbers were determined through standard curves, which were generated as explained by Bustin et al. (2005) . Ubiquitin absolute mRNA copy numbers were divided by actin mRNA copy numbers to generate mean normalized expression values.
Statistical Analysis
GraphPad Prism, version 5.00 (San Diego, CA), was used to analyze qPCR data. To determine significant differences in transcript levels, a general linear model of variance was used. After determining significance in the overall relationship, a Tukey post hoc test was used to compare means of individual treatments. Data were determined to be statistically significant if P ! 0.05. Data were collected from 16 independent RNA samples (four RNA samples of each leaf developmental stage). Tissue from at least three different leaves was used for each RNA sample.
Results
Sequence Analysis of Transcript-Derived Fragments
To assess differential gene expression throughout lace plant leaf development, three leaf developmental stages of lace plant perforation formation were selected. These are the preperforation, window, and mature stages ( fig. 1B) . Through cDNA-AFLP analysis, transcript levels of 4666 transcripts were monitored throughout the three stages of leaf development. Figure 2 shows a section of a typical cDNA-AFLP gel that was run during this analysis. Most of the monitored transcripts displayed similar levels of expression, but those that showed differential expression were selected for further analysis. ANOVA analysis (P ! 0.001) identified a total of 186 differentially expressed transcripts, of which 168 were isolated from the gels. Visual analysis resulted in an additional 62 fragments that displayed differential expression between the leaf developmental stages. A total of 230 fragments were isolated, reamplified, and sequenced. Fig. 2 cDNA-amplified fragment length polymorphism (cDNA-AFLP) gel displaying differentially expressed transcript-derived fragments (TDFs). One of the cDNA-AFLP gels displays the pattern TDFs amplified by BT1-Mse31, BT1-Mse32, BT1-Mse33, BT1-Mse34, BT1-Mse41, BT1-Mse42, BT1-Mse43, and BT1-Mse44. Lanes represent different samples from preperforation (lanes 1 and 2), window (lanes 3 and 4), mature (lanes 5 and 6), and senescent (lane 7) stages. Differentially expressed TDFs are highlighted by arrowheads. Note that the senescence stage had only one successfully analyzed sample (lane 7); therefore, due to lack of sufficient replicates, this leaf developmental stage was omitted from data analysis.
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The median-centered expression values for these fragments were calculated and used to produce a hierarchical clustering ( fig. 3) . Out of the 230 sequenced transcript-derived fragments (TDFs), 77 were successfully functionally annotated through alignments in the NCBI databases (table 1) . Some of the TDFs were representatives of the same or similar genes. For example, TDF45, TDF91, TDF117, TDF160, and TDF231 encoded LRR receptor-like serine/threonine-protein kinases; TDF9 and TDF10 encoded polyubiquitin; TDF44, TDF229, and TDF230 encoded chlorophyll a/b binding proteins; and TDF34 and TDF35 encoded a cold-regulated 413 plasma membrane protein 2-like gene. Some of the TDFs (TDF19, TDF102, and TDF232) were significantly similar to uncharacterized proteins of unknown functions.
Functional Annotation and Expression Analysis
Hierarchical average linkage clustering grouped genes with similar expression patterns into 24 clusters (figs. 3, 4). Of the 24 clusters, TDFs in four (clusters 4, 6, 9, and 15) displayed increased expression from the preperforation stage to the window stage. The other TDF clusters showed a decrease in expression (clusters 2, 3, 13, 14, 16, 20, and 22) , while the rest displayed no difference in expression between the two developmental stages. Gene clusters that showed increased expression from window stage to mature stage were clusters 1, 5, 7, 8, 9, 10, 15, 16, and 18. TDFs in clusters 11, 14, 20, 21, 22 , and 23 showed decreased expression levels from window stage to mature stage, while the rest of the subclusters did not show any significant differences. TDFs in clusters 12 and 24 showed higher expression in mature stage than in preperforation stage but did not show any significant difference in expression between mature and window stages. Only one gene cluster (cluster 2) displayed low TDF expression levels in the window stage, in comparison with both preperforation and mature stages. Clusters 6, 18, and 20 consisted of the highest number (16, 17, and 15, respectively) of TDFs, making up 20.9% of the total number of TDFs showing differential expression. Clusters 2 and 24 had the lowest number of TDFs, each composed of three and two TDFs, respectively. The rest of the gene clusters consisted of between six and 13 TDFs. Clusters 6, 18, and 20 consisted of TDFs encoding protein kinases (TDF45, TDF160, and TDF231), membrane proteins (TDF196 and TDF48), ribosomal proteins (TDF189, TDF186, and TDF182), proteins involved in biosynthetic pathways (TDF49, TDF54, and TDF185), ATP binding (TDF45), phosphatases (TDF42), components involved in ubiquitination (TDF50, TDF57, and TDF165), transcriptional regulators (TDF171), and chloroplastic proteins (TDF44, TDF46, and TDF183), among others. The smallest cluster was cluster 24, which was made up of two TDFs (TDF229 and TDF230). Both of these TDFs encode chloroplastic proteins.
Lace Plant Window-Stage Leaf EST Database
Window-stage leaves were chosen for construction of an EST database since they represent one of the most important stages of perforation formation. PCD was occurring in these leaves; therefore, some PCD-associated genes were likely to be isolated. Also, these leaves contain both PCD and NPCD cells; therefore, genes both expressed and downregulated during PCD are represented in these leaves. Most of the genes associated with PCD should be expressed in the window-stage leaves. A total of 147 ESTs were successfully cloned and sequenced, 62% of which were successfully annotated as identified (table 2) known proteins or uncharacterized proteins. The rest of the ESTs did not reveal homology within the GenBank database, using default parameters. Some ESTs, such as the putative senescence-associated protein (table 2) , were isolated multiple times, suggesting that they are abundantly expressed in window-stage leaves.
Studying Ubiquitin Transcript Levels through qPCR
Several proteins involved in the ubiquitin-dependent protein degradation mechanism that involves the proteasome were isolated through both cDNA-AFLP (TDF9 and TDF10) and the EST database (EST3, EST121, and EST306). To determine the involvement of this mechanism in lace plant PCD and leaf development, ubiquitin transcript levels were investigated throughout leaf development through qPCR. In addition to the three leaf development stages discussed above, senescent-stage leaves were also included in transcript level analysis, since PCD is occurring in window-and senescent-stage leaves. Actin was used as a reference gene, and its transcript levels were constant throughout leaf development ( fig. 5A ). Ubiquitin transcript levels were significantly higher in senescence-stage leaves than in all the other developmental stages (P ! 0.05). Window-stage leaves had significantly higher transcript levels than preperforationand mature-stage leaves (P ! 0.05). There were no significant differences in ubiquitin transcript levels between preperforationand mature-stage leaves ( fig. 5) .
Discussion
Due to a lack of the known genome sequence, it has been challenging to study the genetic regulation of PCD and leaf development in the lace plant. The data accumulated through both cDNA-AFLP and the EST database provide a foundation to study the genetic regulation of PCD in the lace plant and other processes of interest. TDFs isolated through cDNA-AFLP encoded genes involved in processes such as translation, photosynthesis, gene regulation, stress responses, defense against pathogens, biosynthesis pathways, and PCD, among others. Table 3 lists the subclusters, their annotated TDFs, and the cellular processes the TDFs are involved in. Only one or none of the TDFs in subclusters 2, 7, and 8 was successfully annotated; therefore, these subclusters were not included in the table.
The TDFs potentially involved in PCD include polyubiquitin, ubiquitin-conjugating enzyme, YLS9, and LRR receptorlike serine/threonine-protein kinases (Bachmair et al. 1990; Woffenden et al. 1998; Heyndrickx et al. 2012; reviewed in Rantong and Gunawardena 2015) . Ubiquitin is currently the most structurally conserved protein isolated. Its amino acid sequence is the same in all higher plants (Callis et al. 1995) . Ubiquitin is involved in protein degradation in conjunction with the 26S proteasome during several processes, including PCD (Bachmair et al. 1990; Woffenden et al. 1998) . During senescence, the ubiquitin-dependent proteasome system is responsible for the tremendous protein turnover (Vierstra 1996) . Transcript level analysis suggests that ubiquitin might be involved in protein turnover that occurs during perforation formation and senescence in the lace plant ( fig. 5) . The increased ubiquitin transcript levels during the leaf developmental stages where PCD is occurring (window and senescence) support the potential involvement of ubiquitin and the proteasome protein degradation mechanism in lace plant PCD. The ubiquitin-conjugating enzyme (TDF97) is also involved in the ubiquitin/26S proteasome system. It is part of a sequence of enzymes involved in the pathway that attaches ubiquitin molecules to target proteins (Vierstra 2009 ). YLS9 is involved in processes such as hypersensitive response, leaf senescence, and regulation of PCD (Zheng et al. 2004; Heyndrickx et al. 2012) . The specific molecular mechanism through which YLS9 is involved in these processes is unknown. LRR receptor-like serine/threonine-protein kinases are involved in signalling during response to pathogen attack, Fig. 4 Illustration of the cluster analysis through histograms. The transcript patterns of the 230 fragments in the different leaf developmental stages were clustered into 24 groups. The different leaf stages were window (W), preperforation (P), mature (Mt), and senescence (SL).
response to abiotic stresses, and PCD (Song et al. 1995; Oh et al. 2010; Park et al. 2014) . In addition to the TDFs involved in PCD, the EST database contains some of the genes known to be involved in different forms of PCD in other plant species. These include the 20S proteasome beta subunit (EST3), EIN3-binding F-box protein 1 (EST306), a calmodulin-binding protein (EST549), a senescence-associated protein (EST491), WRKY transcription factors (EST77, EST96, and EST100), and cytochrome P450 monooxygenase (EST1 and EST510; also isolated through cDNA-AFLP). Other TDFs and ESTs isolated through both cDNA-AFLP and the EST database include thionin and chlorophyll a/b binding proteins.
The 20S proteasome b subunit is involved in the ubiquitinproteasome-dependent regulated degradation of proteins (Baumeister et al. 1998; Kim et al. 2006) . It is a part of the 26S proteasome, which recognizes and degrades ubiquitinated proteins. The 26S proteasome is comprised of a 20S core particle with 19S regulatory particles attached to it. The 20S proteasome consists of 28 subunits that are encoded by distinct but related genes (Baumeister et al. 1998) . In eukaryotes, the subunits are divided into archaeal a or b subunits; a b subunit was isolated in this study. Several functions of the 20S proteasome have been described in eukaryotes, the most significant being its involvement in ubiquitin-dependent proteolysis (Coux et al. 1996 ; Hoch- Vierstra 1996) . It would be useful to determine its involvement in lace plant PCD and perforation formation as well as the role of the 26S proteasome as a whole. This would provide insights into whether protein turnover and nutrient recycling occur during perforation formation in the lace plant. EIN3-binding F-box protein 1 is a ubiquitin protein ligase involved in ethylene-regulated PCD in plants (Gagne et al. 2004) . It is a constituent of a protein complex (SCF EBF1/2 ) that directs the targeting of EIN3 for degradation through a ubiquitin-dependent pathway involving the proteasome (Guo and Ecker 2003; Gagne et al. 2004 ). EIN3 is a transcription factor required for induction of gene expression regulated by ethylene, including during ethylene-dependent PCD (Chao et al. 1997; Alonso et al. 2003) . PCD in the lace plant is ethylene dependent ; therefore, it is likely that EIN3-binding F-box protein 1 plays an important role in the regulation of lace plant PCD. Through orchestrating the degradation EIN3, EIN3-binding F-box protein 1 is also important for enhancing plant growth (Gagne et al. 2004) .
Calmodulin-binding proteins such as AtBAG6 in Arabidopsis are known to be involved in PCD (Kang et al. 2006 ). AtBAG6 has a BCL-2-associated athanogene (BAG) domain, and when it is overexpressed, it can induce PCD. Calmodulinbinding protein 1 (EST 549) was isolated from the lace plant; however, it is unknown whether it is involved in lace plant PCD. Nevertheless, it is known that calcium signaling is essential in PCD during perforation formation in the lace plant (Elliott and Gunawardena 2010) . Calmodulin-binding proteins are involved in a wide range of other processes, such as transcriptional regulation, phosphorylation, and metabolism (Snedden and Fromm 2001; Hoeflich and Ikura 2002) .
Other clones of interest are the WRKY transcription factors. WRKY transcription factors are ubiquitous in plants and possess highly conserved characteristic amino acid motifs, which contain the WRKYGQK sequences followed by Cys(2)-His(2) or Cys(2)-His-Cys zinc-binding motifs (Zhou et al. 2011 ). There are 74 members of this gene family in Arabidopsis and 109 in rice (Eulgem and Somssich 2007; Ross et al. 2007) . They are believed to be involved in regulation of several physiological processes in plants, such as immunity (Pandey and Somssich 2009) , embryogenesis (Lagacé and Matton 2004) , hormonal signaling (Zhang et al. 2004; Xie et al. 2005) , trichome and seed coat development (Johnson et al. 2002) , regulation of biosynthesis pathways (Xu et al. 2004) , and senescence (Lin and Wu 2004; Buchanan-Wollaston et al. 2005) . WRKY transcription factors play a role in plant immunity by regulating the expression of defense response genes (Eulgem et al. 2000; Heise et al. 2002) . Plant immunity and senescence involve PCD; therefore, the WRKY transcription factors likely play a role in PCD. It would be a significant step to determine the role of these transcription factors in lace plant perforation formation and determine whether they regulate the expression of any PCD-associated genes during perforation formation.
Cytochrome P450s are generally known as key enzymes involved in synthesizing a large variety of secondary plant metabolites such as phytoalexins, lignin, and flavonoids (Butt and Lamb 1981; reviewed by Schuler and Werck-Reichhart 2003) . Buchanan-Wollaston (1997) reported the expression of three cytochrome P450 genes in senescencing Brassica napus leaves but not in leaves not undergoing senescence. Xu et al. (2006) also showed that in Petunia inflata, cytochrome P450 was upregulated in the tonoplast during petal senescence. This suggests that they are somehow involved in leaf senescence, but their specific role in senescence is not yet elucidated. In cotton, cytochrome P450s have been shown to regulate systemic cell death (Sun et al. 2014) . They are also involved in jasmonate metabolism, 
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INTERNATIONAL JOURNAL OF PLANT SCIENCES plant defense, and wounding response. As one of the isolated and identified clones, it would be interesting to determine whether the isolated cytochrome P450 monooxygenase is involved in perforation formation by comparing its expression patterns between dying and control cells.
Another EST worthy of further investigation is the putative senescence-associated protein. This clone was isolated 38 times, suggesting that it is a highly expressed protein in window-stage lace plant leaves. The specific name of the gene encoding this protein could not be determined. The homologs in other species are listed only as putative senescence-associated proteins. Senescence is a form of PCD; therefore, this protein is likely somehow involved in PCD. With its apparently high expression in window-stage leaves, it may be involved in the developmentally regulated PCD that leads to perforation formation in lace plant leaves. It would be helpful to discover the exact functional annotation of this protein and also to determine its involvement in lace plant perforation formation.
Some of the genes commonly known to be involved in plant PCD, such as caspase-like enzymes and genes involved in hormonal regulation of PCD (except EIN3-binding F-box protein 1), were not identified within the EST database. This is mainly because the technique does not specifically target these genes, is random, and is biased toward highly expressed genes. As a result, most of the ESTs were from generally highly expressed proteins such as the ribosomal and chloroplast proteins. These proteins are not directly related to PCD; however, they will be useful in future research, such as phylogenetic and developmental studies.
The involvement of more PCD-related genes in lace plant PCD can now be studied through direct methods such as realtime PCR, which requires prior knowledge of gene sequences. Through qPCR, we provided evidence that supports the involvement of ubiquitin in lace plant PCD, occurring during perforation formation and leaf senescence ( fig. 5) . Ubiquitination has been shown to be involved in other plant PCD examples such as leaf senescence (Pinedo et al. 1996; Wang et al. 2014) and hypersensitive response (Marino et al. 2012) . During daylily leaf senescence, ubiquitin and ubiquitin conjugates have been shown to increase (Courtney et al. 1994) .
To focus more on PCD, separation of dying cells and nondying cells within window-stage leaves before analysis is required. This has recently been achieved through laser-capture microscopy and allows for PCD-specific analysis of gene function . The molecular data generated in this study can also be used to study the role of specific genes in other plant developmental processes outside of PCD. This study also makes the lace plant the first species within the Aponogetonaceae family with a considerable amount of gene sequences elucidated. Molecular data available on all the other species within this family are limited to the chloroplastic maturase K (matK) and nuclear DNA (nrITS) loci used in phylogenetic analysis of the Aponogetonaceae family (Les et al. 2005; Chen et al. 2015) . The lack of substantial genome sequences from closely related species makes it challenging to successfully annotate new sequences. The large number of unidentified proteins in both the cDNA-AFLP and EST approaches can be accredited to the lack of sequence data and molecular studies in close relatives of the lace plant.
